Introduction
polymerase chain reaction (RT-PCR) and endonuclease nicking assays were performed 0, 9, 18 and 27 h after exposure to crocidolite (100 µg/ml). After Exposure to asbestos and other mineral fibers is known to incubation, the cells were washed twice with Ca 2ϩ /Mg 2ϩ -free PBS to remove induce lung cancer. Lung injury, especially of the alveoli the remaining crocidolite. A549 cells were kept in phenol red-free medium and bronchial epithelium, is the first manifestation in the to avoid the oxidative effect of phenol red during the experiments. development of lung cancer (1, 2) . Oxidative stress due to free
Analysis of 8-OH-Gua in cellular DNA
radical formation is a major contributing factor in this process. 8 -OH-Gua levels in DNA of A549 cells was measured using the method The production of free radicals following inhalation of asbestos described by Yamaguchi et al. (16) . Briefly, cellular DNA was isolated using induces DNA breakage as well as cellular damage (3) (4) (5) .
a DNA extractor WB kit (Wako, Japan) (17). The isolated DNA was digested with nuclease P1 (Yamasa, Japan) to obtain 8-OH-Gua in the nucleoside form Oxidative DNA damage may frequently occur when there is (8-hydroxydeoxyguanosine) , which was then treated with Muramac ion an imbalance between reactive oxygen species (ROS) and exchange resin (Muromachi Kagaku, Japan). The nucleoside solution was repair enzymes, or antioxidant enzymes such as manganese filtered with an Ultrafree-Probind filter (Millipore, USA) and was injected superoxide dismutase (Mn-SOD). 8-Hydroxyguanine (8-OHinto a high-performance liquid chromatography column (Beckman Ultrasphere-ODS, USA; 5 µm, 4.6 mmϫ25 cm) equipped with an electrochemical detector Gua) occurs as a major product of oxidative DNA damage (6) (Coulochem II, ESA Inc, USA) with a flow rate of 1.0 ml/min. The mobile and causes DNA misreading through G to T transversion (7) phase consisted of 10 mM Na 2 HPO 4 containing 8% methanol. The and A to C transversion in cells (8) . These substitutions are OH-Gua value was calculated as 8-OH-Gua/10 5 dG.
Endonuclease nicking assay
Abbreviations: hMTH1, human MutT homologue; 8-OH-Gua, 8-hydroxyguanine (7,8-dihydro-8-oxoguanine); hOGG1, 8-oxoguanine DNA Repair activity in A549 cells was assayed using a modification of the method described by Yamamoto et al. (18) . A 22mer double-stranded oligonucleotide glycosylase 1; ROS, reactive oxygen species. containing 8-OH-Gua, 5Ј-ggTggCCTgACg OH CATTCCCCAA-3Ј was synthesized. The protein concentration was determined by BioRad protein assay (Bio-Rad, South Richmond, CA) using bovine serum albumin as the standard. Crude extract (50 µg protein) was incubated at 30°C for 1 h with a reaction mixture containing 50 fmol of the 5Ј-fluorescence labeled double-stranded oligonucleotide as the substrate at 30°C for 1 h in a vacuum desiccator. The pellet was then dried in a vacuum, dissolved in 10 µl loading buffer, denatured by heating at 90°C for 3 min and separated by electrophoresis in 8% PAGE containing 7 M urea. The gel was analyzed with Pharmacia Fragment Manager (Version 1.1). Repair activity was expressed as the proportion of excised fragments to total substrate.
Reverse transcription polymerase chain reaction mRNA was extracted using a Quick Prep Kit (Pharmacia Biotech, Uppsala, Sweden). First-strand cDNA was prepared by random priming using Molony murine leukemia virus-derived reverse transcriptase (Perkin Elmer, Norwalk, CT). PCR amplification was performed for human OGG1, MTH1 and Mn-SOD, with primers hOGG1-S (5Ј-gAggCCTggTTCTgggTAgg-3Ј) and hOGG1-AS (5Ј-TCgggCACTggCACTCACgTAAC-3Ј) for hOGG1 (19), and hMTH1-S (5Ј-CTCAgCgAgTTCTCCTgg-3Ј) and hMTH1-AS (5Ј-ggAgTggAAACCAgTAgCTgTC-3Ј) for hMTH1 (13), and specific primers for human Mn-SOD-S (5Ј-gAgATgTTACAgCCCAgATAgC-3Ј) and Mn-SOD-AS (5Ј-AATCCCCAgCAgTggAATAAgg-3Ј) (20) . Amplification was initiated by denaturation at 94°C for 1 min, followed by amplification at 94°C for 45 s, 60°C for 45 s and 72°C for 2 min using Thermocycler (Astech, Japan). β-Actin was co-amplified as the internal standard. The number of cycles used allowed quantification without saturation (21). PCR products were separated on 2% agarose-Tris-borate-EDTA gel. Relative amounts of mRNA were determined using National Institutes of Health Image 1.56 software (written by W.Rasband, NIH, Bethesda, MD). The proportion of specific gene product to β-actin product was used for semiquantitive analysis.
Statistical analysis
Statistical analysis was carried out using StartView J-4.11 software (Abacus Concepts, Berkeley, CA). The data were expressed as mean Ϯ SE where appropriate. The significance of differences between the three groups was analyzed by one-way analysis of variance (ANOVA).
Results

8-OH-Gua formation in A549 cells treated with crocidolite
A549 cells were incubated for 18 h with increasing concentrations of crocidolite, after which the 8-OH-Gua level was measured. DNA 8-OH-Gua content was significantly higher than for the control following treatment with crocidolite at concentrations of 50 and 100 µg/ml (Figure 1a) . Figure 1b 8- exposed to crocidolite at 100 µg/ml. 8-OH-Gua production OH-Gua formation in A549 cells exposed to crocidolite. The cells were increased in the crocidolite-treated cells, peaking at 9 h and exposed to crocidolite at a concentration of 100 µg/ml for the periods gradually decreasing thereafter to control levels. Assays of 8-OH-Gua repair activity in cell-free extracts from A549 cells exposed to crocidolite showed significant induction Discussion of activity by crocidolite, with levels peaking at 18 h postIt has been reported that the irritation caused by asbestos may exposure and still higher than the control level at 27 h enhance the production of 8-OH-Gua in inflammatory, alveolar ( Figure 2 ). Activity was 2-fold higher at 9 h and 2.6-fold epithelial and mesothelial cells both in vitro and in vivo (23-higher at 18 h. 27). These studies show that 8-OH-Gua is produced in both hOGG1, hMTH1 and Mn-SOD mRNA expression in A549 cells target and effector cells. Our results show an increase in We measured steady-state hOGG1 mRNA levels after exposure 8-OH-Gua production with little change in Mn-SOD levels of A549 cells to crocidolite over 27 h. hOGG1 mRNA expres-( Figure 5 ). Fung et al. (24) found that crocidolite blunts sion rose significantly in a time-dependent manner, increasing 8-OH-Gua production in human mesothelial cells, but increases to 7.5-fold above that of the control at 27 h post-exposure production in rat mesothelial cell, and that Mn-SOD expression (Figure 3) . Levels of hMTH1 mRNA, which prevents the cell is not elevated in rat epithelial cells, whereas Mn-SOD is from incorporating 8-OH-Gua into DNA by hydrolyzing 8-overexpressed in human mesothelial cells. They suggest that OH-dGTP to 8-OH-dGMP, increased up to 18 h post-exposure the difference in 8-OH-Gua production may be attributable to and then decreased to control levels at 27 h ( Figure 4 ). There cytotoxicity; crocidolite is highly toxic to rat mesothelial cells was no significant difference in mRNA levels of Mn-SOD at but less so to human mesothelial cells. The increased 8-OHGua production with little elevation in Mn-SOD levels observed any time when compared with control cells (Figure 5 ). The activity of repair enzymes on DNA containing a site-specific 8-OHGua/C lesion was assayed as described in the Materials and methods section. The results are given as the mean Ϯ SE, where n ϭ 3. Bars show the standard error. *, P Ͻ 0.05. 8-OH-Gua production and the subsequent increase in repair enzyme activity. This delayed increase in repair enzyme activity may contribute to the fall in 8-OH-Gua levels between 18 and 27 h post-exposure. This time lag has also been observed in vivo studies. In a previous study of rats exposed to ferric nitrilotriacetate, a renal carcinogen, 8-OH-Gua levels increased at 1 h post-exposure, repair enzyme levels peaked at 120 h post-exposure (16). Yamaguchi et al. (28) reported that the formation of 8-OH-Gua and its repair peaked 1 and 7 days, respectively, after intratracheal exposure to crocidolite in rats and hamsters suggesting that the formation of 8-OH-Gua contributes to repair enzyme activity. Repair enzyme activity, In contrast, repair by the enzymes used in this study required expressed as the proportion of hOGG1 to β-actin for expression of hOGG1. both endonuclease and lyase activity.
Values represent the mean Ϯ SE (n ϭ 3). Bars show the standard error.
Gene expression of hOGG1 was elevated following exposure Significance, determined by one-factor ANOVA, is expressed as follows: *, P Ͻ 0.05; **, P Ͻ 0.01. to crocidolite and remained higher than the control level after 27 h. Although previous studies have reported hOGG1 activity in human cell (HeLa) extracts (31), this study is the first to in our study may also indicate that cytotoxicity mediates 8-OH-Gua production.
show induction of hOGG1 by crocidolite in a lung cell line. The elevation in hOGG1 gene expression seen in this study The fact that crocidolite-stimulated repair enzyme activity peaked after 18 h and 8-OH-Gua production decreased after ( Figure 3B ) may be linked in part to the increase in 8-OHGua repair enzyme activity, suggesting that activation of 9 h indicates a lag of several hours between the increase in
